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The E0 transition depopulating the first-excited 0+ state in 24Mg has been observed for the first time, and 
the E0 transition strength determined by electron-positron pair and γ -ray spectroscopy measurements 
performed using the Super-e pair spectrometer. The E0 transition strength is ρ2 × 103 = 380(70). A 
two-state mixing model implies a deformation of the first-excited 0+ state of β2 ≈ 1 and a change in 
the mean-square charge radius of 〈r2〉 ≈ 1.9 fm2, which suggests a significant shape change between 
the ground state and first-excited 0+ state in 24Mg. The observed E0 strength gives direct evidence of 
shape coexistence and superdeformation in 24Mg, bringing this nucleus into line with similar behaviour 
in nearby N = Z nuclei. This result agrees with recent theoretical work on the cluster nature of 24Mg and 
has potential ramifications for nuclear reactions of astrophysical importance.
 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction
Shape coexistence is a phenomenon whereby an atomic nucleus 
will display different nuclear shapes at relatively low excitation en-
ergy. It appears to be a fundamental property of the nuclear quan-
tum many-body system, having been observed in many different 
regions of the nuclear chart [1]. The most extreme nuclear shape 
observed in bound nuclei is called superdeformation, wherein the 
nucleus has an elongated spheroidal shape with a 2:1 axis ratio. 
Hyperdeformation — a 3:1 axis ratio — is predicted to occur in 
nuclei but has not been experimentally observed [2]. In light, α-
conjugate nuclei, those whose proton and neutron numbers are 
an integer number of α-particles, superdeformation appears to 
be related to the clustering of the nucleons into an assembly of 
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α-particles. This structure can have significant implications for nu-
clear reaction outcomes [1,3–5], especially those relevant to nu-
clear astrophysics such as the resonances in the triple-α reaction 
in the creation of 12C [3–7].
In even-even nuclei, the properties of low-lying 0+ states play 
a pivotal role in understanding shape coexistence [1]. In light, 
α-conjugate nuclei, the 0+ states can be bandheads of rotating 
strongly-deformed cluster configurations [3]. The famous example 
is in 12C where the first-excited 0+ state — the Hoyle state at 7.65 
MeV — is strongly deformed and is considered to be an ensem-
ble of three α-particles [6–9]. In 16O and 40Ca, both doubly-magic 
nuclei, the low-lying excited 0+ states can be described as arising 
from multi-particle/multi-hole configurations (4p-4h, 8p-8h), nat-
ural analogs to excited α-particle configurations [1,3,10–12].
24Mg is an α-conjugate nucleus (Z = 12, N = 12) and is of 
astrophysical interest for its role in stellar nucleosynthesis. It is 
involved in a number of important exothermic heavy-ion reac-
tions: 24Mg acts as a source of neutrons in Ne burning, a source 
of α-particles in O and Si burning, and as both an intermedi-
https://doi.org/10.1016/j.physletb.2020.135855
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Fig. 1. A cut-away, rendered image of the Super-e pair spectrometer. In dark grey down the centre of the bore are the HeavyMet baffles, and around the bore are the 
superconducting coils — not pictured. The target is positioned on the left and the Miel detector array on the right. In red and green (colour only) lines are schematic traces 
of the trajectories of the electron-positron pairs emitted from the target that lie within the acceptance window.
ary and final product of 12C+12C reactions [13]. 24Mg has several 
high-energy 0+ states which have been suggested to be α-cluster 
configurations and the heads of rotational bands, based on a num-
ber of different calculations using a 12C+12C model [14], along 
with α+20Ne and α + α+16O models [15,16]. Clustering in 24Mg 
has important implications for astrophysical reactions, especially 
for those involving the 12C+12C cross-section, which appears to be 
dominated by resonances [2,5,17–21]. 24Mg is predicted to form 
both super- and hyper-deformed states due to alpha-clustering [2].
Electric monopole (E0) transitions, the only significant decay 
mode between Jπ = 0+ states (excluding two-quantum processes), 
provide a unique probe into nuclear structure. The nuclear E0 tran-
sition strength, ρ2(E0), is large when there is a sizable change 
in the nuclear mean-square charge radius, and when there is also 
strong mixing between the parent configurations of different de-
formation [4]. E0 transitions are then a direct experimental tool to 
investigate the change in deformation between two nuclear states 
with different deformation as well as being sensitive to the degree 
of mixing between the two states.
In this article we report the first observation and measurement 
of the E0 transition from the 6.432-MeV first-excited 0+ state to 
the ground state in 24Mg. This E0 transition has not been observed 
to date [22]. The magnitude of the monopole matrix element — 
M(E0) — has been measured in a model-dependent fashion by in-
elastic electron scattering [23–25]. The current adopted value for 
ρ2(E0) is large: 288(11) milliunits; this value far exceeds simple 
shell-model estimates of E0 strengths in the sd shell [3,4]. A sig-
nificant change in the mean-square charge radius of the nucleus 
between the first-excited 0+ state and the ground state along with 
mixing is therefore suggested. Theoretical work has proposed that 
the excited 0+ state is a mixture of the mean-field configuration 
and the α+Ne cluster configuration [16]. A model independent 
evaluation of the E0 strength to confirm the very large E0 strength 
and thereby test the α-cluster picture of 24Mg is warranted.
2. Experiment
The experiment was carried out at the Heavy Ion Accelera-
tor Facility (HIAF) at the Australian National University (ANU) us-
ing the superconducting electron spectrometer (Super-e) [26] to 
perform the electron-positron pair and γ -ray measurements. The 
Super-e is a superconducting magnetic-lens spectrometer for the 
measurement of conversion electrons and electron-positron pairs 
with excellent background suppression [26,27]. It consists of a 
Si(Li) detector array — named Miel, consisting of 6 Si(Li) detec-
tors, each 9-mm thick — a superconducting solenoid, and central 
HeavyMet baffles. An image of the Super-e rendered from the en-
gineering drawings is shown in Fig. 1. A passively shielded HPGe 
detector is placed 144 cm from the target to measure γ rays. The 
detector is distant and shielded to allow for high beam intensity 
measurements. More details and examples of the operation of the 
Super-e can be found in recent papers [28–35].
An 8-MeV proton beam was delivered by the 14UD Pelletron 
accelerator of HIAF, which was used to excite the 6432-keV 0+
state of interest in 24Mg through the (p,p′) reaction. The 0+2 state 
is expected to decay via an E0 transition to the ground state along 
with E2 transitions to the 2+1 and 2
+
2 states. These E2 transi-
tions will proceed via γ -ray and electron-positron pair emission, 
but for the E0 transition, only via pair emission. Self-supporting 
natMg targets were used for the experiment, with thicknesses of ≈
1.8 mg/cm2 . The natural isotopic abundance of 24Mg is 79% with 
25Mg and 26Mg present in the target at 10% and 11%, respectively. 
These contaminants present no significant problem in the analy-
sis. As can be seen in Fig. 2(a) and (b), no transitions from either 
contaminant are visible in the pair spectrum, and while two tran-
sitions are visible from 25Mg in the γ -ray spectrum, they do not 
complicate the analysis of any of the 24Mg lines of interest.
The target was mounted at 45◦ to both the beam and the axis 
of symmetry of the solenoidal bore of the Super-e. This arrange-
ment can be seen on the left-hand side of Fig. 1. Magnesium oxi-
dizes rapidly in the presence of oxygen, and the primary source of 
background in this experiment was the decay of the 6.050 MeV 
first-excited 0+ state in 16O. The targets were freshly prepared 
shortly before use in order to minimize the 16O contamination.
The magnetic field was operated in a swept-current mode, 
scanning the solenoid current between 6.2 A–12.25 A in a con-
tinuous cyclic fashion. This corresponds to a peak efficiency for 
electrons and positrons from 1.775–2.885 MeV, and thus pair tran-
sition energies from 4.572 MeV to 6.792 MeV. The magnetic field 
was swept with respect to the integrated beam charge on the 
beam stop behind the target, giving equal integrated beam current 
at any given magnetic field value.
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Fig. 2. The (a) γ -ray and (b) electron-positron pair spectra following the 24Mg(p, p′) reaction at 8 MeV. In the γ -ray spectrum, the bars demarcate the γ -ray escape peaks, 
as first escape and second escape. The energies observed in the electron-positron spectrum have been shifted upwards by 1022 keV (2mec2) to align with the transition 
energy. A fit to the 6432-keV E0 peak is also shown.
Electron-positron pairs were recorded with Miel along with γ -
ray singles in the HPGe detector. A beam intensity of ≈100 nA 
as maintained for 106 hours, keeping a total Miel singles rate of 
≤ 10 kHz. The γ rays were recorded to measure the relative in-
tensities of the de-exciting E2 transitions, and to normalize the 
electron-positron pair and γ -ray intensities.
The HPGe relative efficiency was determined using a 56Co 
source up to 3.451 MeV, and extrapolated to 5.2 MeV. This ap-
proach has worked well in previous studies on 12C, 40Ca, and the 
Fe isotopes [28,29,32,34].
The Super-e pair efficiencies were determined by Monte Carlo 
simulation. The transmission efficiency of the Super-e was calcu-
lated with the use of the LensIpf code [35] with the magnetic field 
calculated by Poisson Superfish [36]. The detector efficiency for a 
given electron-positron pair was evaluated using PENELOPE [37]
simulations. Further details have been given in Refs. [32,35,38].
The data were stored in an event-by-event format with the en-
ergies and times of the six Si(Li) detector segments, the energies 
of the HPGe γ -ray detectors, and two measures of the magnetic 
field — the solenoid control voltage and a Hall probe voltage.
There is a strict relationship between the energies and mo-
menta of the transmitted electrons and positrons, and the mag-
netic field of the solenoid [26,27,32]. A transmission window can 
be defined as a function of the magnetic field and energy of the 
charged particles. This momentum selection is used to gate on the 
data to select out real electron-positron events as a function of 
their magnetic rigidity [26,32].
The Miel detector array has a time resolution of ≈10 ns for 
electrons and positrons of energy greater than 1 MeV. In order 
to select the true pair events, gates were placed on the time-
difference coincidence peak, and the resulting summed energy 
spectrum was random subtracted by gating on the random time-
difference region. The summed electron-positron pair energy spec-
trum was sorted by combining all 15 possible combinations of Miel
Table 1
Experimental results and spectroscopic values used to determine ρ2(E0).
Quantity Value Reference
Irel.γ (5063 E2) 100.0(20) This work
Irel.γ (2193 E2) 22.2(17) This work
Irel.π (6432 E0) 0.88(10) This work
Irel.π (5063 E2) 0.152(14) This work
τ (6432 0+2 ) 100(10) fs Evaluated
	π (6432 E0) 1.90(9)×1011 s−1 [47]
απ (5063 E2) 1.505(21)×10−3 [48]
q2π (6432 E0/5063 E2) 5.8(8) This work
X(6432 E0/5063 E2) 27(4) This work
ρ2(6432 E0) × 103 380(70) This work
detector segments while enforcing momentum-selection and time-
coincidence conditions.
3. Results
The observed γ -ray spectrum is shown in Fig. 2(a) with the ob-
served electron-positron pair energy spectrum shown in Fig. 2(b). 
A partial level scheme showing the transitions observed and levels 
of 24Mg populated in this experiment is shown in Fig. 3. The mea-
sured γ -ray relative intensities for the 5063-keV and 2193-keV E2
transitions along with the 6432-keV E0 and 5063-keV E2 internal 
pair formation relative intensities are given in Table 1.
The value for the E0 transition strength depends directly on 
the state lifetime [4,22]. The lifetime of the 6432-keV 0+ state 
has been evaluated from the eight reported lifetimes. These are all 
Doppler-shift attenuation method measurements, using a variety of 
reactions [39–45]. The adopted lifetime was determined using the 
averaging program AveTools [46] and UncTools, a Monte Carlo sta-
tistical analysis tool. The evaluated lifetimes and the new adopted 
value are shown in Fig. 4. Three lifetime values were excluded from 
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Fig. 3. The level scheme of 24Mg showing the states that were populated in the 
(p, p′) reaction at 8 MeV, and the transitions that were observed. The 4641, 3866, 
4238, and 5063 keV transitions were observed in both γ -rays and electron-positron 
pairs, while the 6432 keV transition was only observed in electron-positron pairs, 
as expected for an E0 transition. See Fig. 2.
Fig. 4. Plot of mean lifetimes for the 6432-keV 0+ state in 24Mg. The adopted values 
used in the lifetime determination are the solid points, and the hollow points are 
values excluded from the evaluation. The weighted average value of 100(10) fs is 
shown as a solid red line, with the uncertainty in grey. The data are taken from 
Refs. [39–45].
the evaluation, one as an outlier [39], one due to the large uncer-
tainty [40], and one for reporting systematically low lifetimes for 
other states in 24Mg [42].
The new evaluated mean lifetime, and the electronic factor and 
internal pair formation coefficient, are also given in Table 1. The 
electronic factor of the 6432-keV E0 transition, 	π (6432 E0), is 
taken from the recent tabulation by Dowie et al. [47] with the 
adopted 5% relative uncertainty. The pair conversion coefficient for 
the 5063-keV E2 transition, απ (5063 E2), is taken from the BrIcc
tables [48].
Using the above values, the E0/E2 pair mixing ratio for the 
6432-keV E0 transition with respect to the 5063-keV E2 transition 
is q2π (E0/E2) = 5.8(8). The X(E0/E2) value of these transitions 
— a measure of the relative E0 to E2 transition strength [49]
— was also determined giving X(E0/E2) = 27(4). Finally, the de-
termined E0 strength is: ρ2(E0) × 103 = 380(70). These results 
are listed in Table 1. Similarly, the internal pair conversion coeffi-
cient for the 4238- and 4641-keV E2 transitions have been mea-
sured and are απ (4238 E2) = 0.00118(11), and απ (4641 E2) =
0.00124(14), compared with the theoretical values of 0.00125(2)
and 0.00138(2), respectively [46].
4. Discussion
A value for ρ2(E0) × 103 of 380(70) is very large. It is on par 
with the largest reported E0 strengths in the whole nuclear chart 
according the most recent evaluation of E0 strengths [22] namely: 
the E0 transition strength of the Hoyle state in 12C to the ground 
state at 500(81) milliunits and the 3633.8-keV E0 transition in 
18O at 430(80) milliunits. Large E0 strengths are a robust indi-
cator of shape coexistence and a clear spectroscopic fingerprint for 
shape mixing [4]. The E0 strength suggests that there is a signifi-
cant change in the nuclear shape between the first and second 0+
states and that these states are mixed.
The only previous measurements of the 0+2 → 0
+
g.s. monopole 
matrix element in 24Mg have been inelastic electron-scattering 
measurements [23–25]. The previous adopted value for the E0
transition strength in 24Mg is 288(11) milliunits [46]. The deter-
mination of the monopole matrix element by inelastic electron 
scattering is model dependent and measurements by direct spec-
troscopy take priority [22]. Furthermore, concerns have been raised 
regarding discrepancies between inelastic electron scattering and 
traditional spectroscopy data [50,51]. Our model-independent ex-
perimental result of ρ2(E0) × 103 = 380(70) has a difference of 
≈ 1.3σ with the previous adopted value of 288(11) milliunits, 
and thus is consistent within two standard deviations. This mea-
sured E0 strength supports the statements made by Kibédi and 
Spear on the general agreement of the E0 transition strengths 
obtained by inelastic electron scattering and more traditional spec-
troscopy [22,50,51].
One can estimate the E0 strength in 24Mg from a simple shell 
model approach that assumes maximal mixing between oscillator 
shells, giving ρ2(E0) = 0.5A−2/3 , where A is the nuclear mass 
number [4]. This gives an estimate of ρ2(E0) × 103 = 60, which 
agrees well with the observed E0 0+2 → 0
+
g.s. strength in 
26Mg, 
but falls short of the observed strength in 24Mg by a factor of six. 
Brown et al. [52] have developed a more sophisticated approach 
which combines a configuration interaction model for the valence 
orbital occupations with an energy-density functional to evaluate 
the effect of the valence configuration on the core, and hence de-
termine the radial wavefunctions and the E0 transition strengths. 
That model, however, still falls short of the observed E0 strengths 
in sd shell nuclei such as 26Mg and 32S by factors of two to three 
in the matrix element (or 4 to 9 in the E0 transition strengths). 
The enhanced E0 strength in 24Mg therefore suggests a collective 
explanation such as a significant shape change due to clustering or 
other excitations outside the sd model space.
Shell model calculations using NuShellX [53] and the USDA in-
teraction [54] in the sd model space for 24Mg also fail to accu-
rately describe the properties of the 0+ states. The level energies 
of the positive-parity states with I 
= 0 agree closely — within 
200–300 keV — with the observed levels, but the 0+2 and 0
+
3 states 
are predicted too high by 1100 and 500 keV, respectively. Fur-
thermore, NuShellX predicts only three 0+ states below 12 MeV 
whereas there are four present in the data [55]. The presence of 
an intruder configuration from outside the model space near the 
energy of the observed 0+2 state, mixing with, and shifting, the ex-
pected sd shell-model states, is suggested.
24Mg is well-established as a prolate-deformed nucleus at low 
excitation energies. The spectroscopic quadrupole moment of the 
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first 2+ state is −0.166(6) eb2 [55], implying, for an axial rotor, 
a ground-state band β2 of 0.497(2) (using Eq. (17) from Ref. [56], 
taking β4 = 0 [59,62]). This agrees with experimental determina-
tions of the ground state deformation via inelastic particle scat-
tering [57–62], and theoretical calculations of the ground state 
deformation [16,63,65,66].
A two-state mixing model (see Section 2.5 in Ref. [4]) is often 
used to interpret E0 strengths in terms of the configuration mixing 
and difference in intrinsic deformations:
ρ2 =
(
3Z
4π
)2
a2b2(β2a − β
2
b )
2,
where a and b are the mixing amplitudes and βa and βb are the 
intrinsic deformations. Taking the limit of maximal mixing (a =
b = 1/
√
2) gives (β2)  0.43 for the 0+1 and 0
+
2 states of 
24Mg, 
and the change in the mean-square charge radius of the intrinsic 
configurations is 〈r2〉  1.2 fm2 . This places a lower limit on the 
shape change in 24Mg.
However equal mixing of the intrinsic states forming the 0+1
and 0+2 states in 
24Mg is unrealistic. A better (but still approxi-
mate) estimate of the mixing between the 0+1 and 0
+
2 states can 
be obtained from the observed excitation energies if an estimate of 
the unperturbed energy of one of the 0+ states can be obtained. 
An estimate of the unperturbed energy of the 0+ ground state can 
be obtained by extrapolation to I = 0, based on the observed ener-
gies of the I = 2+1 , 4
+
1 , and 6
+
1 band members. An energy shift 
of 300–500 keV is implied. Solving the two-state mixing prob-
lem for a 500 keV shift gives a = 0.96, b = 0.28, 〈β2〉 = 0.80
and β2(0
+
2 ) ≈ 0.96. A mean charge radius of the excited state 
of 〈r2〉1/2 ≈ 3.36 fm is implied, based on the ground-state mean 
charge radius from laser spectroscopy [65]. These large deforma-
tions suggest that the first-excited 0+ state in 24Mg could be su-
perdeformed. Similar conclusions are reached for energy shifts less 
than 500 keV. Furthermore, 25Mg(p, d) transfer reactions [55,64]
imply a maximum mixing strength between the two 0+ states of 
b  0.41, which gives β2(0
+
2 )  0.79 and 〈r
2〉1/2  3.23 fm, con-
sistent with the above analysis. Together, these analyses from the 
energy levels and transfer reactions give evidence that the large E0
strength observed in 24Mg arises from a significant shape change 
between the first-excited 0+ state and the ground state.
Superdeformation has been found in light nuclei along the N =
Z line [1], with superdeformation observed in 12C, 16O, 36Ar, 40Ar, 
40Ca, 42Ca, and 56Ni [1,10,11,67–70], and suggested in 28Si [71]. 
The Nilsson single-particle orbitals, for a β2 of 1.0, show a superde-
formed shell gap at 12 nucleons. This is seen in Fig. 5 where there 
is a broad gap centred at quadrupole deformation β2 ≈ 0.45 for 
12 nucleons, which could be associated with the ground state, and 
another pocket at β2 ≈ 1.0, which could correspond to the first-
excited 0+ state. In the recent review of nuclear shape coexistence 
by Heyde and Wood [1], a possible shape-coexisting band built on 
the first-excited 0+ state in 24Mg was identified with comparable 
intra-band B(E2) strength to other superdeformed bands in this 
region; however, much of the spectroscopic information needed to 
conclusively assign superdeformed character to this state and con-
firm the presence of the suggested band is missing. The suggested 
band members were the 7349-keV 2+ state and the 8439-keV 
4+ state [1]. The 2+SD → 0
+
2 transition is unobserved while the 
4+SD → 2
+
SD has a known B(E2) strength of 39 W.u., correspond-
ing to an estimated β ≈ 0.64 [1,55]. The 8439-keV suggested 4+SD
band member, however, has a log f t of less than 4 in 24Al β+ de-
cay, suggesting a K = 4 nature, not K = 0 [55,72,73]. There is a 
nearby 9301-keV 4+ state; this is another possible 4+SD band mem-
ber, which was suggested by Warburton et al. [72] with a similarly 
large B(E2) strength and estimated β [72]. Future spectroscopy to 
Fig. 5. Plot of neutron single-particle energies as a function of the quadrupole defor-
mation parameter β2 . The solid and dashed lines are for positive and negative parity 
orbitals, respectively. The two deformed shell-gaps corresponding to 12 nucleons 
are shown in the plot, along with the deformed shell gaps at 8 and 20 nucleons. 
The typical spherical shell-gaps at 2, 8, and 20 are also shown. The parameters 
used for the calculation are found in Ref. [74] and β4 is taken as 0 [59,62]. Similar 
behaviour is observed for the proton single-particle energies.
resolve quadrupole moments and state lifetimes is needed to re-
solve these issues and determine the nature of these states and 
possible superdeformation.
There has been ongoing theoretical effort devoted to investigat-
ing the structure of 24Mg in terms of cluster dynamics [14–16,66]. 
Theoretical work on 24Mg looking into the structure of excited 
0+ states, in particular using antisymmetrized molecular dynamics 
combined with the generator coordinate method and the Gogny 
D1S interaction, has been carried out by Chiba and Kimura [16]. 
They determine that the lower-lying excited 0+ states (excitation 
energy <15 MeV) are strong mixtures of mean-field and 20Ne + α
and 12C +12 C cluster configurations. In particular, the first-excited 
0+ state, which they identify with the experimental 6432-keV 
state investigated here, is predominately a mixture of a mean-
field configuration with large deformation — (β, γ ) = (0.76, 35◦)
— and the 20Ne + α cluster configuration. Likewise, they identify 
the ground state as a mixture of a less deformed configuration — 
(β, γ ) = (0.48, 22◦) — along with the 20Ne+α and 12C+12 C clus-
ter configurations. This seems to be in agreement with the results 
of the present work, which indicate a significant increase in defor-
mation between the two 0+ states.
Recent work on shape isomerism in light, alpha-conjugate nu-
clei (16O, 20Ne, 24Mg) through a self-consistent analysis of the 
quasi-dynamical SU(3) symmetry also predicts a shape-coexisting 
state in 24Mg with a Nilsson quadrupole deformation of ǫ = 0.91, 
equivalent to |β2| ≈ 1.0, for a wide range of triaxiality [75]. These 
results are concordant with the experimental estimate of |β2| ≈ 1
and the picture of superdeformation in the deformed shell gap 
shown in Fig. 5, which is also in agreement with the Nilsson-model 
and α-cluster calculations [76–79].
5. Conclusion
The first direct observation of the E0 transition from the first-
excited 0+ state in 24Mg to the ground state has been reported. 
Through electron-positron pair spectroscopy, the 6432-keV E0
transition was observed, its intensity measured, and by adopting 
a lifetime of τ = 100(10) fs from the literature, the E0 transition 
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strength was determined to be ρ2(E0) × 103 = 380(70). Estimates 
of the deformation and mean-square charge radius of the excited 
0+ state give a |β2|(0+2 ) ≈ 1 and 〈r
2〉1/2 ≈ 3.36 fm. These re-
sults reveal shape mixing and significant shape change between 
the ground state and the first-excited 0+ state. Indeed, with an 
estimated |β2| of 1, the first-excited 0+ state appears to be su-
perdeformed. Spectroscopic information needed to firmly identify 
the excited superdeformed band — such as E2 transition strengths 
— is lacking and this deficiency should be rectified at the first op-
portunity. Recent theoretical calculations of the structure of 24Mg 
suggest mixing and significant shape change between the ground-
state and first-excited 0+ state, both of which are supported by the 
present results.
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